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2} ‘butterfly’ complexes with common Mn
III
2 µ3-alkoxo 
bridging motifs surrounded by two LnIII ions (Ln = Gd, La or Y) have been studied by 
structural, magnetic and density functional theoretical calculations. The exchange 
coupling constant between the body-body Mn(III) ions is ferromagnetic in all cases, the 
La and Y examples being diamagnetic at the wing-wing positions. The wing-body Jwb 
(Mn-Gd) interaction is small and negative. Reasons are given for these JMnMn values, 
including the effects of the terminal Ln III ions, comparison to analogous Mn2 dinuclears, 
and the effects of spin polarisation. 
Keywords: mixed lanthanide-manganese(III) ions; ferromagnetic exchange; DFT; 
tetranuclear; spin polarisation 









The magnetic properties of polymetallic coordination complexes, derived from transition 
and lanthanide metal ions continue to fascinate chemists and physicists alike [1,2]. The 
observation, for example, of magnetic hysteresis loops originating from a discrete 
molecule has been termed single-molecule magnetism (SMM), and is therefore of great 
technological importance as these molecular materials have the ability to store digital 
information by manipulating the orientation of the spin vector of the molecule with a 
magnetic field [3,4]. This property may lead to a greater density of data being stored, 
much greater than in current devices, however, drawbacks such as the operating 
temperature, which generally falls below 80 K must be overcome [5]. In practice a large 
number of factors influence the blocking/operating temperature, for example the spin 
ground state of the molecule, which is governed by the intramolecular magnetic exchange 
interactions. It is not a trivial task to design and synthesize polynuclear molecular 
coordination complexes with the desired exchange type (ferromagnetic vs 
antiferromagnetic) and exchange strength due to various synthetic limitations. This is 
readily apparent in the isolation of large polynuclear complexes using a self-assembly 
method of synthesis [6]. What can be useful, however, is the identification of common 
bridging motifs in complexes and analysing the effect that the type of metal ion, the 
bridging ligand, metal-metal distances, metal-ligand angles, for example, have on the 
nature and magnitude of the magnetic exchange parameter. Such a database can provide a 
starting point for the selection of metal ion and type of bridging ligand when designing 
experiments, which can result in the products relaying favourable magnetic properties.  
An important ion in the search for new SMMs is Mn III. This is due to its large number of 
unpaired electrons (S = 2) often resulting in a negative zero-field splitting parameter as 
desired for these SMMs. In order to design a SMM, it is preferable to have strong 
ferromagnetic exchange between neighbouring ions [4,7] and, thus, it is important to 
understand what controls the magnetic exchange interaction. Work in our group has 
focussed on developing magneto-structural correlations of the simplest building units i.e. 
dinuclear complexes to understand the influence various structural parameters has on the 
magnetic exchange interaction [8]. A recent study related to this work involved exchange 
data on dinuclear {MnIII2} bridged via bis-μ-alkoxo ligands [8b,c]. The results revealed 
that the exchange was influenced by the orientation of the Jahn-Teller axes, with a 
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perpendicular orientation leading to a strong ferromagnetic exchange while, when it is 
parallel, an antiferromagnetic interaction occurs. This is not ideal as, in the ferromagnetic 
case, the perpendicular orientation of the Jahn-Teller (J-T) axes leads to a decrease in the 
anisotropy of the cluster, detrimental for designing SMMs. Following this work, and 
presented here, we have studied three new pseudo bis-μ-alkoxo {MnIII2} complexes, 
differing in the fact that the MnIII ions are surrounded by diamagnetic Ln III ions (LnIII = 
La and Y (yttrium is considered a pseudo lanthanide ion due to its similarity in reactivity 
and size). We also present a complex where the lanthanide ion is paramagnetic (LnIII = 
Gd) to see what influence this has on the magnetic exchange. The complexes presented 
have formulae [MnIII2Ln
III
2(OMe)2(hmp)4(NO3)4(O3SC6H4CH3)2]n (where Ln = Gd (1), Y 
(2); hmpH = 2-hydroxy-methylpyridine) and [MnIII2La
III
2(bdea)2(bdeaH)2(piv)6] (3); 
bdeaH = N-butyldiethanolamine; piv = pivalate. Complexes 1 and 2 are newly 
synthesised, based on a method in our earlier report [9], whereas complex 3 was taken 
from the literature [10]. Interestingly, for 1 – 3 we find the J- T axes on the MnIII ions are 
aligned parallel and the magnetic exchange interaction is ferromagnetic. To 
unambiguously model the magnetic exchange interactions and also to gain insight into the 
nature of the exchange coupling, we have employed theoretical calculations based on 
density functional theory (DFT) methods to study complexes 1−3. 
Materials and Methods 
All reactions were carried out under aerobic conditions. Chemicals and solvents were 
obtained from commercial sources and used without further purification. Elemental analyses 
(CHN) were carried out by Campbell Microanalytical Laboratory, University of Otago, 




Mn(NO3)2.4H2O (1 mmol) and Y(NO3)3.6H2O (1 mmol) were dissolved in 20 mL of a 1:3 
MeOH/MeCN solution. To this 2-hydroxymethylpyridine (1.5 mmol), p-toluenesulphonic 
acid (4 mmol) and triethylamine (5.5 mmol) was then added, resulting in a dark brown 
solution, which slowly turned purple after stirring for 4 hours. After this time the reaction 
was stopped and the solvent was allowed to evaporate slowly. After several days red/brown 
crystals of 2 had formed. Yield: 67 % (based on Mn) for 1. Anal. Calculated (found) for 
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2·MeCN·MeOH·H2O : Mn2Y2C42H51O26N9S2 : C, 34.80 (34.70); H, 3.55 (3.76); N, 8.70 
(8.99). IR selected peaks; 1605(w), 1479(s), 1460(s), 1441(s), 1368(w), 1320(s), 1302(s), 
1288(s), 1249(s), 1224(w), 1164(s), 1120(s), 1034(s), 1010(s), 815(w).  
 
Powder X-ray diffraction  
X-ray powder diffraction data were collected on a PANalytical X’Pert powder diffractometer 
using a Cu anode (Cu kα1 λ= 1.540598 Å) operating at 40 kV, 30 mA fitted with a PIXcel 1D 
detector operating in scanning line detector mode with a linear active length of 3.347° 2θ. 
Samples were prepared as flat powders and measured in reflection geometry in the range 5 - 
100° 2θ with a step size of 0.013° 2θ. Data were processed using HighScore Plus version 4.0. 
 
Magnetic measurements  
Magnetic susceptibility measurements were carried out on a Quantum Design SQUID 
magnetometer MPMS-XL 7, which operated between 1.8 and 300 K for dc-applied fields that 
range from 0 – 5 T. Microcrystalline samples were dispersed in Vaseline in order to avoid 
torquing of the crystallites. The sample mulls were contained in a calibrated gelatine capsule 
held at the centre of a drinking straw that was fixed at the end of the sample rod. Alternating 
current (ac) susceptibilities were carried out under an oscillating ac field of 3.5 Oe with 
frequencies ranging from 0.1 to 1500 Hz. 
 
Computational Details 
The DFT calculations combined with the Broken Symmetry (BS) approach [11] have 
been employed to compute the magnetic exchange (J) values. The BS method has a  
proven record of yielding good numerical estimate of J constants for a variety of 
complexes [12]. This method has already been employed to compute reasonable estimates 
of exchange interactions (J) in numerous dinuclear as well as in polynuclear complexes 
earlier in our group including manganese [8,13] and {MnGd} clusters.[14] Here DFT 
calculations were performed using the B3LYP functional [15] with the Gaussian 09 suite 
of programs [16]. The double-zeta quality basis set employing Cundari-Stevens (CS) 
relativistic effective core potential on Gd atom [17], LanL2DZ ECP basis set on La and Y 
[18] and Ahlrich’s [19] triple-ζ-quality basis set for Mn as well as for the rest of the 
atoms. The energies of four spin configurations for 1 and energies of two spin 
configurations for 2 and 3 are computed to extract the exchange interactions [20]. The 
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computed spin configurations for 1 are given in the ESI (Table S1). Program PHI [21] 
was used for the simulation of magnetic susceptibilities and isothermal magnetizations. 
Three exchange coupling constants for 1 and one exchange coupling for 2 and 3 are 
determined by DFT using B3LYP hybrid functional.  In 1, the following Hamiltonian is 
used to estimate the exchange interaction. 
?̂? =  −[2𝐽𝑤𝑏( 𝑆𝑀𝑛1 𝑆𝐺𝑑1 + 𝑆𝑀𝑛1 𝑆𝐺𝑑1′ + 𝑆𝑀𝑛1′ 𝑆𝐺𝑑1 +  𝑆𝑀𝑛1′ 𝑆𝐺𝑑1′ ) + 2𝐽𝑏𝑏( 𝑆𝑀𝑛1 𝑆𝑀𝑛1′)
+ 2𝐽𝑤𝑤( 𝑆𝐺𝑑1 𝑆𝐺𝑑1′)] 𝐸𝑞 1 
Here J is the isotropic exchange coupling constant and SMn and SGd are spins on Mn
III (S= 
2) and GdIII (S=7/2) atoms respectively. In 2 and 3, the following Hamiltonian is used to 
estimate the exchange interaction. 
                                         ?̂? =  −2𝐽𝑏𝑏( 𝑆𝑀𝑛1 𝑆𝑀𝑛1′) 𝐸𝑞 2 
Results and discussion 
Structural information 
Fig. 1: (a) Molecular structure of 1 (Same applicable to 2); (b) Molecular structure of 3 
MnIII, pink; GdIII, green; LaIII, orange;O, red; N, blue; C, black; S, yellow. The black bold 
bonds denote the MnIII J-T axes which are elongated via O-Mn-N.  
 
Full structural descriptions of the two motifs have been provided previously [9,10]. The 
identity and bulk purity of complex 2 was determined via powder X-ray diffraction (Fig. S1) 
and IR spectra (Fig. S2). 2 was found to be isostructural to 1, as expected. The salient points 





















complexes (Fig. 1), which display a butterfly or planar diamond type metallic core, with the 
MnIII ions occupying the central body-body (bb) sites with the outer wing-wing (ww) sites 
occupied by Gd (1), Y (2) and La (3) ions. The MnIII ions are bridged by two alkoxo ligands; 
methoxide in the case of 1 and 2 and ethoxide type for 3 - which is part of the N-n-
butyldiethanolamine ligand. The two MnIII ions are six coordinate, displaying J-T distorted 
octahedral geometries, which are axially elongated. The J-T axes in each case are aligned 
parallel (black bold bonds shown in Fig. 1) via (μ3)O-Mn-N bonds and the bridging plane. 
Compounds 2 and 3 can be considered, magnetically, as {MnIII2} dinuclear complexes since 
the wing ions YIII (2) and LaIII (3) are diamagnetic. Selected bond lengths are given in the ESI 
(Table S2).  We note that for 1 and 2 each complex is linked by sulphonate ligands forming 
1D chains (Fig. S3).  
 
Magnetic susceptibility measurements 
Magnetic susceptibility measurements on compounds 1 and 2 were carried out in the 2 –
300 K temperature range, in an applied magnetic field of 1 T. Magnetic results for 
compound 3 were taken from the previously reported study.[10] The data are plotted as 
χMT versus temperature and shown in Figure 2. The room temperature χMT values of 21.6 
cm3 K mol-1 (1), 7.0 cm3 K mol-1 (2) and 7.1 cm3 K mol-1 (3) are higher than the expected 
value for two non-interacting MnIII ions (in 2 and 3, viz. 6 cm3 K mol-1) but similar for 
non-interacting MnIII and GdIII ions (in 1, viz. 21.8 cm3 K mol-1), assuming g = 2.0. This 
is an indication of ferromagnetic exchange between the metal centres. Supporting this is 
the temperature dependent χMT profile which increases as the temperature is decreased, 
with maximum values observed for each complex revealing values of 22.8 cm3 K mol-1, 
7.8 cm3 K mol-1 and 10.5 cm3 K mol-1 for 1 – 3 respectively. In order to quantify the 
exchange the χMT(T) data for 1 were fitted using the program PHI [21], using two 
coupling parameters; Jbb (Mn
III···MnIII) and Jwb (Gd
III···MnIII ions) and a single molecular 
g-factor. Intra- and inter-cluster Gd···Gd interactions (Gd···Gd distance = 6.3 Å (intra) 
and 6.0 Å (inter, via the sulfonate ligands)) are considered negligible and are ignored (see 
Fig. 3 for coupling scheme and Hamiltonian used). The best fit values were Jbb = 1.72 cm
-
1 and Jwb = 0.014 cm
-1 (-2J convention) with g = 2.00 (Fig. 2, red line, FIT). These 
parameters result in an S = 11 ground state, with ten states ranging in value from S = 0 – 
10, lying 1 cm-1 above the ground state. For complex 2 the χMT(T) data were fitted using a 
single coupling parameter; Jbb (Mn
III···MnIII) using the Hamiltonian H = -2JS1S2. The 
best fit gave a value of Jbb = 1.0 cm
-1 with g = 2.00 (Fig. 2, red line). The J parameter 
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results in an S = 4 ground state, with excited states 39.2 cm -1 (S = 3) above the ground. 
The best fit for compound 3, reported using an H = -2JS1S2 Hamiltonian, yielded a J 













Fig. 2. Plots of χMT versus T for 1 and 2 in the temperature range 2 – 300 K in a dc field 
of 1 T.   
 
The observed M vs H data for 1−2 are shown in Fig. 3. Poor fits were obtained using the 
exchange-only models (Eqns 1 and 2) and J values deduced by susceptibility fitting, 
particularly at high fields (Fig. 3 top figures). The magnetization data were then fitted 
(Fig. 3, bottom) using the giant spin model to extract the D values of Mn(III) ions and the 
exchange parameters (Eqns 3 and 4) with very good fits obtained.  
The following Hamiltonian was used for complex 1. 
?̂? = −[2𝐽𝑤𝑏( 𝑆𝑀𝑛1 𝑆𝐺𝑑1 + 𝑆𝑀𝑛1 𝑆𝐺𝑑1′ + 𝑆𝑀𝑛1′ 𝑆𝐺𝑑1 +  𝑆𝑀𝑛1′ 𝑆𝐺𝑑1′ ) + 2𝐽𝑏𝑏( 𝑆𝑀𝑛1 𝑆𝑀𝑛1′)
+ 2𝐽𝑤𝑤( 𝑆𝐺𝑑1 𝑆𝐺𝑑1′)]  + 𝐷𝑀𝑛𝑆𝑧
2 +  𝜇𝐵𝑔𝑀𝑛𝐻. 𝑆        𝐸𝑞. 3 
The following Hamiltonian was used for complex 2. 
?̂? = −2𝐽𝑏𝑏( 𝑆𝑀𝑛1 𝑆𝑀𝑛1′)  + 𝐷𝑀𝑛𝑆𝑧






Fig. 3. M vs. H isotherms for (left) 1 and (right) 2 at temperatures 2 (top), 3, 4, 5.5, 10 and 20 
(bottom) K. (both top figures): the solid lines are simulated data to validate the exchange 
parameters obtained from the susceptibility data. (both bottom figures): the solid lines are fitted 
data obtained from the giant spin model Hamiltonian. See below for the discussion.  
 
The best fit values yielded Jbb = 7.11 cm
-1, Jwb = 0.01 cm
-1 and DMn = -3.25 cm
-1 with g = 1.81 
(Figure 4, bottom left) for complex 1. For complex 2, the best fit gave a value of Jbb = 2.55 cm
-1 
with g = 1.76 (Figure 4, bottom right) and a DMn value of -3.42 cm
-1. These J parameters are 
slightly larger than the J values extracted using the susceptibility data. However, the 
ferromagnetic coupling constants still result in an S = 11 ground state for complex 1 and S = 4 
ground state for complex 2. The g values are smaller than the value of 2.0, which is sometimes 
noted in MnIII clusters [6,7]. Here, since this is the g-tensor obtained for the ground state S =11, 
in 1, arising from coupling of spins between Gd(III) and Mn(III) ions, this could be justified 
The DMn values are in line with those expected for anisotropic Mn
III ions with the Jahn–Teller 
distorted octahedral geometries. [8] 








































































































































Computational methods are essential in calculating the magnetic properties of 
paramagnetic complexes [12,13,14,22]. Even though extensive experimental studies have 
been performed on many {3d-4f} systems, only a limited number of theoretical studies 
have been explored [23-26] particularly in the estimation of magnetic exchange 
interaction J and in understanding the mechanism of magnetic coupling. We have 
therefore undertaken a theoretical analysis to calculate all the possible exchange 
interactions in 1−3. Moreover, we attempt to rationalize why the MnIII-MnIII 
superexchange interaction is ferromagnetic in complexes 1 – 3.  






Fig. 4. Magnetic exchange pathways in  1 − 3 (Three Js for 1 and only Jbb for 2 and 3). 
 
In order to explore the magnetic properties, fitting of the experimental magnetic data was 
performed using the PHI program [21], as described above, in order to extract the nature 
and the magnitude of the magnetic exchange interactions within each cluster. It is often 
found that only two J values (Jbb and Jwb (Fig.4)) are generally reported in the literature, 
due to the complications of performing fits with many J values (see Table 1) and thus the 
Jww interaction has been neglected in this study for 1. Since the lanthanides are 
diamagnetic in 2 and 3 we have fitted the experimental magnetic data for the exchange 
between MnIII ions only (Jbb). The exchange topology used to calculate the J values is 




Table 1: Experimental susceptibility and DFT deduced exchange coupling constants (J 








In 1-3 both the experimentally fitted parameters (FIT in Fig. 2) and the DFT calculated 
values reveal a ferromagnetic interaction for the Jbb interaction with a small variation in 
the magnitude. In 1, both the χMT fitted parameter and the DFT calculations predict a very 
weak ferromagnetic Jwb value (Table 1). From DFT the Jww interaction is found to be 
negligible and antiferromagnetic for 1. The temperature dependence of χMT for the DFT 
calculated J values with the inclusion of small zJ = −0.01 cm-1 provides excellent fits to 
the experimental data for 1−3 (see Figs. 2 and S4).  
 
MnIII-MnIII superexchange (Jbb): We earlier reported that the dihedral angle between J-T 
axes in {MnIII2(OR)2} complexes to be the prominent parameter in controlling the sign 
and magnitude of exchange [8b,c]. The {MnIII2(OR)2} core in complexes 1-3 have a 
similar topology to the studied dinuclear systems each of which has parallel J-T axes on 
the MnIII ions and parallel to the bridging plane. This situation here belongs to the type-II 
manganese dinuclear complexes as previously reported [8b,c]. In general, type-II 
complexes (Fig. 5) exhibit weak ferro- and antiferromagnetic exchange interactions (−1.7 
to +6.3 cm−1) [8c] and here we observe weak ferromagnetic interactions. The J-T axes are 





interaction leading to a larger JF term. Moreover, the Mn-O-Mn angles are relatively 
smaller (~97 degrees) compared to the dinuclear {MnIII2(OR)2} complexes previously 
reported [8] which results in a moderate antiferromagnetic interaction due to a weak 
overlap of the dxz|dxz and dyz|dyz orbitals (see Table S3). The dominant JF term 







Jbb Jwb Jbb Jwb Jww 
1 1.7 0.014 1.2 0.06 -0.0002 
2 1.0  1.9   











Fig. 5. Schematic illustrating the three types (I–III) of J-T orientations observed in previously 
reported μ-OR bridged [MnIII2] dimers [8c]. The red/black bold lines show the JT dihedral 
angle.  
Mn-Gd coupling (Jwb) in 1:  The unpaired electron in the dz
2 orbital of the MnIII ions is likely 
to play a pivotal role both in contributing to the JF term, via charge-transfer, and also as a σ-
type orbital overlaping with the 4f orbitals of GdIII thereby contributing to the JAF term [27]. 
However 3d-4f orbital overlaps are generally weak and dominating terms are the charge 
transfer from the 3d to the Gd(III) 5d orbital [28]. In particular, the presence of an unpaired 
electron in the dz2 orbital helps to enhance this charge transfer leading to ferromagnetic 
interaction for the {MnIII-GdIII} pair as we have shown earlier [14a]. Thus the dominating 
charge transfer mechanism lead to ferromagnetic coupling. However, as the J-T axes of the 
MnIII ions are parallel to the {MnGdO2} plane, leading to less efficient overlap, and hence a 
weak ferromagnetic coupling, as computed.  




tBu)10][Et3NH]2, the latter containing μ3-O 
bridges whereas 1 contains μ3-OMe bridges [29]. The Jbb value for this µ-oxo complex 
was found to be -58 cm-1 while Jwb was +5.5 cm
-1, the large difference in size and sign to 
1 ascribed to the Mn-O-Mn bridging motif [29] and attendant geometric differences, with 
spin density effects of the type described below not reported but probably important.  







































































































Fig. 6. Eigenvalue plot of complex (a) 1 for S = 11 spin state (c) 2 for S = 4 spin state. A 
similar diagram is applicable for complex 3 (ground state highlighted). 
 
The experimentally fitted J values and the DFT computed J values (see Fig.6a) yields an S = 
11 ground state for complex 1. The ground state spin density plot for S = 11 (DFT calculated) 
is shown in Fig. 7a. The S = 11 ground state can be achieved when all Mn(III) and Gd(III) 
ions are spin-up. Spin delocalization is observed for the MnIII ions (spin density of ~3.84) and 
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spin polarization is observed for the GdIII ions (~7.03). The central μ3-O atoms gain a spin 

























Fig. 7. Spin density plot of complex a) 1 (S = 11) and b) 3 (S = 4). A similar spin-density 
diagram to that in b) is applicable for complex 2. 
For complexes 2 and 3, the experimentally fitted and DFT computed J values result in an S = 
4 ground state (see Fig. 6b). The spin ground state S = 4 for complex 2 and 3 is achieved 
when both body MnIII ions have spin-up. The spin density plot for S = 4 is shown in Fig. 7b. 
Spin delocalization is observed for the MnIII ions (spin density of ~3.84).  The central μ3-O 
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atoms display a spin density of (0.03) and the diamagnetic lanthanides gain a spin density 
(0.01) via spin polarization. 
 
Conclusions    
Three {MnIII2Ln
III
2} (Ln = Gd (1), Y (2) and La (3)) butterfly complexes bearing μ-alkoxo 
bridged MnIII dinuclear moieties have been synthesised, structurally and magnetically 
characterized with the magnetic properties analysed using DFT calculations. Using a 
previously reported classification scheme to rationalize the magnetic exchange parameter for 
dinuclear MnIII complexes, [8b, c] 1 − 3 are classed as type-II MnIII dinuclear complexes. 
Type-II complexes reveal parallel Jahn-Teller axes on the MnIII ions which lie parallel to the 
bridging plane. The MnIII-MnIII magnetic exchange interaction shows weak ferromagnetic 
coupling. The sign of the fits of the experimental susceptibility data of the MnIII-MnIII 
interaction are in good agreement with the DFT calculated parameters for 1 [1.7 cm-1 (1.2 cm-
1)], 2 [1.0 cm-1 (1.9 cm-1)] and 3 [3.4 cm-1 (4.2 cm-1)], with a small variation in magnitude. 
The agreement is not as good using the giant Spin model to fit magnetisation isotherms 
though the signs of JMnMn are the same. The spin ground state values for 1 – 3 are S = 11, S = 
4 and S = 4, respectively, using both fitting methods. In 1, the excited spin states are very 
close in energy to the ground state. We, therefore, show that it is possible to isolate a large 
spin ground state with parallel J-T axes which will result in a significant magnetic anisotropy, 
important in future SMM design. 
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Captions to Figures 
Fig. 1: (a) Molecular structure of 1 (Same applicable to 2); (b) Molecular structure of 3 
[10]. MnIII, pink; GdIII, green; LaIII, orange;O, red; N, blue; C, black; S, yellow. The black 
bold bonds denote the MnIII J-T axes which are elongated via O-Mn-N.  
Fig. 2. Plots of χMT versus T for 1 and 2 in the temperature range 2 – 300 K in a dc field 
of 1 T. 
 Fig. 3. M vs. H isotherms for (left) 1 and (right) 2 at temperatures 2 (top), 3, 4, 5.5, 10 
and 20 (bottom) K. (both top figures): the solid lines are simulated data to validate the 
exchange parameters obtained from the susceptibility data. (both bottom figures): the 
solid lines are fitted data obtained from the giant spin model Hamiltonian. See below for 
the discussion.  
Fig. 4. Magnetic exchange pathways in  1 − 3 (Three Js for 1 and only Jbb for 2 and 3) 
Fig. 5. Schematic illustrating the three types (I–III) of J-T orientations observed in 
previously reported μ-OR bridged [MnIII2] dimers [8c]. The red/black bold lines show the 
JT dihedral angle.  
Fig. 6. Eigenvalue plot of complex (a) 1 for S = 11 spin state (c) 2 for S = 4 spin state. A 
similar diagram is applicable for complex 3 (ground state highlighted). 
Fig. 7. Spin density plot of complex a) 1 (S = 11)  and b) 3 (S = 4). A similar spin-density 
diagram to that in b) is applicable for complex 2. 
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